Abstract. Breeding a vegetable crop for adaptation to a temperature regime that is higher than the recognized optimum for the species in question is an example of breeding for abiotic stress tolerance. Before embarking on a project to breed for such stress tolerance, we propose that several critical considerations or questions must be addressed. These considerations include the following: 1) What is the effect of the abiotic stress on the crop to be improved; 2) what will be the conditions of the selection environment; 3) what germplasm is available that contains the necessary genetic variation to initiate improvement; 4) what breeding scheme will be used to facilitate improvement; and 5) what will be the specific goals of the breeding effort? We use a case study with broccoli to breed for adaptation to high-temperature environments to provide examples of how each of these considerations might be addressed in developing an improvement effort. Based on documented success with this case study in which broccoli quality and performance under high-temperature summer environments has been improved, insights are provided that should be useful to future attempts to breed vegetables more tolerant of an abiotic stress.
Breeding is one of the most efficient methods for managing abiotic stress. Some abiotic stresses directly reduce growth. Others affect development in a way that reduces or eliminates the crop's value. An example of the latter is superoptimal temperature stress in broccoli. Breeding for tolerance to this stress has great potential for meeting increased demand by growing in a larger production region.
Most vegetable crops are adapted to a modest range in temperatures with the optimum varying considerably from warm-to coolseason species. Cole crop vegetables (Brassica oleracea L.) are cool-season crops that include broccoli (B. oleracea Italica Group), cauliflower (B. oleracea Botrytis Group), and cabbage (B. oleracea Capitata Group). The optimum temperature range in which to produce these vegetables is between 15 and 18°C (Maynard and Hochmuth, 2007) . Thus, the cole crops are best adapted to spring and fall in temperate regions or to winter in areas where this season is relatively mild (e.g., Desert Southwest). In favored locales (e.g., the Salinas Valley in California) where a cold ocean abuts a valley and cool, Mediterraneanlike conditions occur nearly year-round, these crops can be grown at almost any time of the year.
Broccoli has emerged as the most important cole crop in recent years and U.S. production has a farm-gate value of $800 million (United State Department of Agriculture, Economic Research Service, 2010). To produce broccoli throughout the year, broccoli growers have tried to grow this vegetable in temperature regimes that are considered too hot (e.g., 25 to 30°C) for the production of quality heads. To complicate this matter, potentially higher temperatures that may be associated with climate change may make it more difficult for producers to maintain broccoli production in some areas where it was previously well adapted. As a result of these circumstances, most broccoli breeders working to develop either germplasm or elite cultivars adapted to North America have given some attention to breeding broccoli for adaptation to temperatures regimes above the 15 to 18°C optimal range.
Breeding a vegetable crop to extend the range of temperature adaptation beyond what exists in current germplasm is one example of breeding for improved abiotic stress tolerance. Breeding for improved abiotic stress tolerance requires addressing several critical considerations: 1) What is the effect of the abiotic stress on the crop to be improved? 2) What will be the conditions of the selection environment? 3) What germplasm is available that contains the necessary genetic variation to initiate improvement? 4) What breeding scheme will be used to facilitate improvement? 5) What will be the specific goals of the breeding effort?
Some of these questions must be addressed as an improvement effort starts, some are more relevant as the effort is well underway, and others must continuously be re-examined as insight of the subject matter is gained and as progress toward objectives is made.
In this presentation, we examine the effort at the U.S. Vegetable Laboratory (USVL) in Charleston, SC, to breed broccoli for adaptation to summer conditions of the southeastern United States and consider this improvement effort as a case study for breeding a vegetable for adaptation to high temperatures. In particular, we focus on how these questions were addressed as this breeding effort was initiated and as it has developed over time.
WHAT IS THE EFFECT OF THE ABIOTIC STRESS ON THE CROP TO BE IMPROVED?
Several studies have evaluated the effect of low temperatures on the initiation of inflorescence development in broccoli (Fontes et al., 1967; Fontes and Ozbun. 1972; Gauss and Taylor, 1969) . Most horticulturists recognize the importance of cold temperatures as necessary for vernalization in biennial vegetables like cabbage or kale; however, few realize that many cultivars of broccoli have a quantitative cold requirement needed to induce flowering (Fontes et al., 1967) . Whereas cabbage and kale require temperatures at or below 5°C to shift from vegetative to reproductive growth phases, the critical temperature for annual broccoli is significantly higher. Indeed, Wurr et al. (1995) developed a temperature model for broccoli and postulated an upper temperature limit for vernalization at 23.6°C, above which plants are expected to remain vegetative. Although it is commonly thought that broccoli will prematurely bolt as a result of relatively high temperatures, the opposite is actually the case. Premature bolting in broccoli typically occurs when cold temperatures induce small plants to initiate reproductive growth (Miller et al., 1985) . Thus, during the vegetative phase, temperatures above the upper limit for vernalization will slow or impede the development of the inflorescence or head.
In broccoli, the main dysfunction induced by high temperatures occurs later in development. Once inflorescence or head development is initiated, relatively high temperatures (30°C) arrest head development. Paradoxically, such temperatures can be optimal for vegetative growth (Bjorkman and Pearson, 1998) . It is unknown whether genotypes performing better in warm climates have a higher temperature threshold for meeting the chilling requirement or simply a smaller absolute requirement. The typical flaws that result include incomplete head development, uneven bead size, bracting in heads, and rough head surface. It is this sensitivity to warm temperatures near harvest, e.g., during heading, that lowers head quality in field production and thus pushes U.S. broccoli production to climates with an extended cool growing season.
Few studies have been conducted to examine variation among broccoli varieties in their development under high temperatures. Heather et al. (1992) evaluated a collection of broccoli hybrids for heat tolerance and holding ability in summer productions on Long Island, NY. These authors identified certain hybrids that yielded more marketable heads and that held their quality for a longer period of time. They found that heat stress was most damaging 3weeks before harvest, at which time they calculated the immature inflorescence to be 5 to 10 mm in diameter. Bjorkman and Pearson (1998) studied temperature arrest in the broccoli hybrid 'Galaxy' and determined that the critical heat-sensitive stage was during floral initiation, which occurs when the shoot tip has a diameter less than 5 mm and the apical meristem is 2 mm. Those same authors found that the heat stress had little effect before or after the floral initiation stage. The timing of heat stress is very important in this vegetable and makes it difficult to do field selection for heritable variation in sensitivity.
WHAT WILL BE THE CONDITIONS OF THE SELECTION ENVIRONMENT?
We decided early on that the best way to ensure the necessary superoptimal heat stress conditions needed for selecting stress-tolerant plants was to grow plants in a setting with prolonged heat stress. Thus, our selection environment during summer in Charleston, SC, is continuously hot with plants grown from seedling stages to maturity during relatively high temperatures in the field (Fig. 1) . After transplanting in late May, moderate temperatures last only a few weeks during early vegetative growth. However, from late June on, daily high temperatures are 30°C or higher and average low temperatures seldom go lower than 20 to 23°C through the time when trials are ending in late August (Fig. 1) . Ultimately, our abiotic stress environment has a characteristic temperature range that is too hot for commercial production of quality broccoli heads while being conducive to rapid growth. The relatively high night temperatures may be especially important because they may not be low enough for many broccoli cultivars to meet the chilling requirement for flower development.
It is very important that any abiotic stress be consistent so it is always possible to discriminate genetic variation for any physiological defects. Therefore, when evaluating the effects of high temperature, like in this case study with broccoli, temperatures of the test environment must be consistently hot. In general, by conventional standards, the summer environment we select at Charleston is too hot for broccoli, but it is made relatively consistent by the moderating effect of the maritime location. We remain cognizant of the possibility of higher or lower than normal temperature conditions, but lower temperatures that would be more optimal for broccoli production really do not occur in late June through August in Charleston. In years when temperatures are lower than normal, we typically make more selections with the understanding that some may not prove adequately tolerant in subsequent years. In years when temperatures are higher than normal, we take advantage of the situation, make fewer selections than normal, and scrutinize them carefully knowing they will likely perform better in subsequent years. In general, hotter than normal years allow one to select the most tolerant plants likely to occur.
WHAT GERMPLASM IS AVAILABLE THAT CONTAINS THE NECESSARY GENETIC VARIATION TO INITIATE AN IMPROVEMENT EFFORT?
When our program to breed broccoli for adaptation to high temperature was initiated in the early 1990s, all commercial broccoli hybrids available at the time were evaluated in summer field trials in South Carolina (Table 1 ). In addition to the commercial hybrids, two hybrids obtained from Michael Dickson (Cornell University), bred for adaptation to summer conditions of New York State, were also evaluated. Based on performance over 2 years, the hybrids that performed best in the initial summer trials were identified (Dufault and Farnham, 1996) . Although more than 60 hybrids were examined, only five were deemed to have potential merit for breeding purposes. These included 'Baccus', 'Early Dawn', 'Green Comet', 'Paragon', and 'NY4502 · 6703'. They were all subsequently selfed for several generations to create inbreds. These inbreds were in turn selected and then cross-bred to develop new segregating populations.
Since making the original selections, this project has now advanced through several cycles of recombination. This recurrent selection program has remained mostly closed. However, a few new lines have been input into the germplasm pool by crossing them with one or more inbred selections. An additional line (NY1142) was obtained from Dickson in 1996, selfed for several generations, and then crossed with a number of selected inbreds. A doubled haploid line from the hybrid Everest was crossed with selections in 2005. Our current program to breed broccoli adapted to hightemperature stress is based on a relatively small germplasm pool consisting mostly of early maturity germplasm.
WHAT BREEDING SCHEME WILL BE USED TO FACILITATE IMPROVEMENT?
A project to breed for an abiotic stress tolerance trait, similar for a project focused on nearly any trait, must consider the nature of new cultivars of the crop in question. Virtually all new commercial cultivars of broccoli are F 1 hybrids. Although the parents of individual hybrids are trade secrets kept by the seed company or other institution that makes it, most are a single cross of two highly inbred lines. In some cases, the inbred parental lines are produced by successive generations of selection and selfing. In other cases, the inbreds may be doubled haploid lines arising from anther or microspore cultures (Gray, 1993) . Our broccoli improvement effort uses a pedigree method of breeding, in which we evaluate segregating populations in the target environment, select individuals with good performance, remove the plants from the field, and self them in an insect-free greenhouse to obtain seed for the next generation. Throughout the process, clear pedigree records have been maintained. With each successive generation of inbreeding, many lines are eliminated. However, lines that persist in the program through successive generations of selfing (e.g., from F 6 to F 8 ), as a result of their good horticultural phenotype and head quality under summer conditions, are used as parents to create new segregating populations. In addition, they are also used in test crosses to evaluate the potential of a given line to produce cultivar-quality hybrids. Some type of pedigree breeding method is commonly used by broccoli breeders in both the public and private sectors. Single seed descent is seldom used in this crop during early generations of selection. Without prior knowledge of how tolerance to high temperatures might be inherited in broccoli, we deemed it logical to follow the more standard pedigree approach.
In general, it is also a common practice of broccoli breeders to cross good inbreds by good inbreds when developing new hybrids. Combining ability in broccoli has not been adequately characterized. Significant general combining ability has been detected for a number of horticultural traits (Abercrombie et al., 2005; Hulbert and Orton, 1984) . However, we are unaware of any reports citing evidence for significant specific combining ability for any trait. The few observations reported tend to align with the common practice of many broccoli breeders who stringently select inbreds that perform well (e.g., produce high-quality heads lacking defects) before making test crosses with other inbreds. As we began our program to improve adaptation to summer environments, we had no evidence that would cause us to veer from the general approach of crossing ''good by good'' that many broccoli breeders have used successfully to improve numerous traits of this crop.
WHAT WILL BE THE SPECIFIC GOALS OF THE BREEDING EFFORT?
Breeding for abiotic stress is most successful when the goal is well defined at the outset of the program. At the same time, the plan should permit refining the goals as the breeding effort ensues, progress is made, and as the breeders learn more about their experimental subject as they gain added experience. Balancing a flexibility of approach with an abiding purpose is the hallmark of the most productive programs.
Our primary goal was to improve broccoli for performance under summer conditions traditionally deemed too hot. Ultimately, we hoped to select for broccoli that did not express the typical flaws such as incomplete head development, uneven bead size, bracting in heads, and rough head surface that typically occur when conditions are too hot. We expected that progress would likely be incremental and slow; therefore, we anticipated a program that would operate over a long period with advances occurring over numerous generations. Such a program can only be undertaken in certain institutional settings; the USDA-ARS provides such conditions.
FINDINGS, INSIGHTS, AND PROGRESS
Relatively early in our program, it became evident that full-season commercial broccoli hybrids developed for Western conditions will not head in our selection environment. In the course of our summer trials, we repeatedly see that common broccoli hybrids like 'Marathon' and 'Arcadia' fail to make the normal shift from vegetative to reproductive growth that ultimately results in a primary broccoli head and instead remain vegetative ( Table 2 ). The apical meristem loses dominance, perhaps in a failed reproductive transition, and lateral growth becomes excessive. Near the end of the summer, plants of 'Marathon', 'Arcadia', and many other hybrids resemble leafy green Brassicas more than they do normal broccoli plants. These observations can be explained by the fact that once transplants are 2 to 3 weeks old in our selection environment, daily low temperatures seldom go below 23°C, the critical temperature reported necessary to vernalize broccoli and stimulate heading.
Commercial hybrids selected for Western adaptation, but widely grown in the East, exemplified by 'Gypsy' and 'Packman' (Table  2) , will head in our target summer environment, but head quality is poor. Cultivars in this group do not appear to have a lower chilling requirement to stimulate heading. However, the chilling requirement for subsequent flower development is inconsistently met. The result is uneven bead size, roughness and discoloration of the head, and other traits that lower overall quality (Table 2) .
We have been successful at increasing adaptation to high-temperature summer environments based on performance of our selected inbreds and, more importantly, hybrid combinations derived from them ( Table 2) . Many of the hybrids we have developed mature earlier than most commercial broccoli hybrids, producing heads in 60 d after transplanting. Although these USVL hybrids are early, they do not escape high temperatures because daily highs and lows already exceed 30 and 23°C by 3 to 4 weeks post-transplant.
Head quality is not as high for our experimental USVL hybrids compared with that typically observed with modern commercial hybrids grown in an optimal environment. They have larger flower buds and heads are not as dense as the modern commercial standard. However, at high temperatures, they do not have the flaws that make commercial material unmarketable (Table 2) . Because improved performance has progressed slowly over several generations, and because hybrids perform better than the inbreds used to create them, the abiotic stress tolerance we are breeding for is likely to be quantitative, i.e., controlled by many genes. Future investigations in our program will confirm the mode of inheritance by examining segregating populations derived from our best inbreds. It is likely that other efforts to breed for abiotic stress tolerance will also involve quantitative traits. In some of these cases, it is possible that marker-assisted selection may be used to improve selection efficiency. We recently developed a doubled haploid population derived from an F 1 formed by crossing one of our most tolerant inbreds with a non-tolerant inbred (doubled haploid) that produces poor-quality heads in our summer conditions. In the summer of 2011, we will evaluate 150 doubled haploid lines from this cross for adaptation to summer conditions based on head quality characteristics and we will simultaneously develop a genetic map for this population. Assuming the adaptation to relatively high temperatures is inherited quantitatively, this marker-assisted approach may identify key quantitative trait loci that we might directly select for in the future, possibly used in conjunction with a single seed descent program that might accelerate the inbreeding process.
Although we have selected for stress tolerance in a single environment, our intent is to identify broccoli hybrids widely adapted to warm growing seasons. To get an indication of wide adaptability, we tested experimental USVL hybrids in Geneva, NY, where average summer temperatures do not necessarily limit broccoli productivity, but high temperature spikes often cause head quality defects. In this testing, all broccoli hybrids produced heads, but most conventional hybrids (e.g., 'Marathon' or 'Packman') had lower quality in the middle of summer, whereas the experimental USVL hybrids exhibit similar quality traits throughout the summer (Fig. 2) . These initial tests indicate that our selected genotypes may be widely adapted to summer environments of the type found in the eastern United States.
It is noteworthy that although there is anecdotal evidence that broccoli produced at high temperatures may exhibit off-flavors, we are unaware of any published evidence that indicates this is actually so. At the outset, we did not expect, nor have we observed, that broccoli produced under our relatively hightemperature conditions has poor flavor. On the contrary, our own non-empirical testing indicates broccoli harvested during hot periods of summer can have good taste.
CONCLUSIONS
Breeding for abiotic stress tolerance requires persistence and good observation. Traits are multigenic with complex and easily misinterpreted phenotypes. Progress is often incremental, environmental variation large, and heritability low. However, progress can Trait means (for hybrids that formed heads) followed by the same letter are not significantly (P < 0.05) different from one another based on analysis of variance and protected least significant difference. y Head smoothness is rated 1 to 5 with 1 = perfectly smooth bead surface, 2 = smooth, but not perfect, 3 = some irregularity, 4 = very bumpy surface, and 5 = very distorted surface. x Head quality is rated 1 to 9 with 1 = highest quality head, 2 = excellent quality, 3 = very good head quality 4 = good quality, 5 = acceptable quality, marketable, 6 = poor quality, nonmarketable, 7 = very poor quality, 8 = nearly unrecognizable as broccoli, and 9 = not recognizable as broccoli (e.g., more cauliflower-like). w An absence of letters indicates that no significant differences for that trait were observed among hybrids. v Bead uniformity is rated 1 to 5 with 1 = all beads perfectly uniform, 2 = uniform, but not perfectly, 3 = some lack of uniformity, 4 = irregular uniformity, and 5 = highly irregular.
be consistent by setting a clear target, keenly observing the plant response to select the more casual expression of resistance, and providing the most selective environment.
